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Abstract 
eSolar provides a low-cost, modular heliostat field solution for tower-based CSP facilities. Industry-leading cost has been 
achieved via large quantities of small (~2.2 m2) single-facet, individually-controlled heliostats with simple field installation 
methods. These modular fields can contain up to 50,000 heliostats (108,000 m2) per receiver and a dozen or more modules may 
comprise a single plant, presenting a challenge for timely commissioning and calibration with previously existing technology. In 
response to this challenge, eSolar has developed a fully-automated proprietary calibration system that enables accurate individual 
heliostat tracking rapidly upon commissioning. The system operates by reflecting light from LEDs located on towers around the 
field into cameras, which are located on the same towers. The efficacy of this approach is demonstrated at eSolar's Sierra 
SunTower facility in Lancaster, CA, USA (Fig. 1) where a field of >24,000 heliostats can be calibrated from realistic seed 
conditions in less than two weeks with resultant pointing error of <1.5 mrad. The calibration system’s precise, parallel, and high 
throughput data collection further enables rapid detection of broken and mis-pointing heliostats, dramatically reducing the Mean 
Time to Repair (MTTR) from individual heliostat failures, as well as automating the task of discovering such failures. This paper 
describes the technical solution that eSolar has created and elaborates on the benefits of the system. 
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1. The necessity of heliostat calibration 
The heliostat calibration problem is universal to the design of tower-based CSP systems. A light-absorbing 
receiver only a few meters across sits atop a tower surrounded by a field of heliostats which may extend for 
hundreds of meters from the base of the tower. At such large distances from reflector surface to receiver, even a 
small inaccuracy in the direction of the reflected sunlight can cause a large linear displacement of the flux at the 
surface of the receiver. For example, one degree of angular error at a distance of 300 meters results in over 5 meters 
of linear error–far more than is acceptable for any application. The receiver must be kept as small as possible for 
both cost and efficiency reasons, so there is a strong incentive to provide accurate pointing. Incremental reductions 
in pointing error continue to yield significantly tighter and more controllable flux distributions until other factors, 
such as sun-spread and the non-parabolic nature of heliostat reflector surfaces, become dominant. 
Without a post-installation calibration phase, achieving this accuracy would be very difficult, as it would require 
tight control of the manufacturing and installation of each heliostat. One approach to circumvent this problem is to 
provide some form of active feedback that enables a control algorithm to perturb the actuation inputs for each 
heliostat until the desired reflections are produced. Such closed-loop systems introduce problems of their own. If the 
real-time feedback mechanism is centralized, it becomes a critical single point of failure that poses a challenge for 
plant up-time. On the other hand, if the feedback mechanisms are distributed to each heliostat, they add considerable 
cost. 
For these reasons, the most effective approach to achieving accurate tracking in many applications is to create a 
parameterized "kinematic" model for each heliostat that predicts the output beam as a function of actuation inputs 
(and possibly other measured quantities, such as encoder outputs or environmental conditions) and of course, the 
vector to the sun. The parameters in such a model can be determined after installation, but need not be calculated in 
real-time; the approach is fundamentally predicated on a belief that actuation inputs (and possibly other measured 
quantities) produce a repeatable output. As the sun moves, the model is repeatedly consulted to produce a new set of 
actuation inputs for each heliostat. The various strategies to devise effective models and estimate their parameters 
are collectively known as calibration systems. 
 
Nomenclature 
ALC  Artificial Light Calibration 
Sun-spread The divergence of rays emanating from the sun, due to the finite angular size of the sun 
Kinematic model A function estimating the sun's reflected beam based on actuation inputs and a set of parameters. 
 
2. Past approaches to heliostat calibration 
2.1. Industry past practice 
Most calibration systems define a parameterized model to predict the sun's reflected beam based on actuation 
inputs for each heliostat. Generally, model parameters are constrained by some measurement of heliostat output for 
a given actuation input. Different systems vary in how they collect this data, as well as how they synthesize the data 
into an effective model. 
In target-based calibration systems [1], a large, flat target surface is mounted to the receiver tower. Heliostats 
attempt to reflect sunlight onto the center of the target one-at-a-time. A camera observes the illuminated target and a 
central control system potentially adjusts actuation input accordingly. In this scenario, the actuation inputs that best 
align the reflection with the desired target are used to constrain model parameters. One major drawback of this 
approach is that calibrating more than one heliostat simultaneously is nearly impossible, since their beams cannot be 
easily distinguished from each other. 
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Fig. 1. eSolar's modular CSP plant in Lancaster, CA with calibration towers in background 
Camera-based systems [2] address this problem by replacing the target surface with an array of cameras. The 
cameras enable measurement of beam intensity at a set of points, just like the target surface, but additionally retain 
the direction of the incoming light and use this information to identify the source(s). Put simply, different heliostats 
illuminate different regions of a single camera's image, so simultaneous data collection can occur on multiple 
heliostats without conflict. 
2.2. Heliostat calibration at eSolar 
In eSolar’s earlier calibration system [3], a single camera takes the place of the camera array, and it is 
supplemented with a more sophisticated algorithm for "mapping" the intensity profile of each incident beam. To 
improve the data collection rate further, multiple cameras are placed on towers around the field of heliostats 
providing multiple “targets” where calibration data can be collected, each of which also enables multiple heliostats 
to calibrate in parallel.  
In addition, this system also made advances in the fusion of this data into an effective model. Systems in which 
the only calibration target is proximate to the receiver may use a relatively simple model, which expresses the 
actuation inputs needed for tracking to the receiver as an offset from the inputs needed to track to the calibration 
target. Such a model is easier to develop, but limited in that it is likely to be less accurate outside the subset of the 
range of motion where calibration data can be collected. For example, consider a heliostat whose angular output as a 
function of inputs is non-linear in part or all of its range. If the drive's kinematic model assumes linearity, it may be 
a good approximation in the region where data is collected, but extrapolations beyond this range would incur an 
additional error. This may lead to systematic biases or seasonal variations in pointing accuracy, or the need to 
continue calibration throughout the year. In contrast, eSolar's distributed camera system synthesizes data from 
cameras that are not necessarily close to the intended receiver to produce a model that is equally valid throughout 
the entire range of motion for each heliostat. For example, a simplified version of this model may calculate the 
normal vector to a heliostat's reflector surface as follows:  
ZRRRN zxy ˆ)()()(ˆ TJIED   
Here, ࣂ and ࣘ are the motor input angles of an azimuth and elevation axis respectively, and ࢻ, ࢼ, and ࢽ are the 
model parameters, which are to be estimated through the calibration process. The ࡾ࢏ represent rotation matrices 
about the axis in subscript, and ࢆ෡  represents a vector pointing up. In practice, the model eSolar uses incorporates 
several more parameters, but the principle is the same. The inverse of this function, i.e. the inverse kinematic model, 
is used to calculate the motor positions needed to produce a desired normal vector for tracking. 
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3. An introduction to artificial light calibration 
Artificial Light Calibration (ALC) [4] is a new system that addresses the heliostat calibration problem. It can be 
understood as an extension of eSolar’s earlier distributed camera system, except that the sun is no longer needed as 
the primary light source. The system is comprised of several (e.g. 3-6) short (e.g. 20 meter) towers, located around 
the perimeter of the heliostat field. Atop each tower is an assembly with one or more wide-angle cameras aimed 
down at the field, as well as at least one light source, typically a small (e.g. 10 cm), low-power (e.g. 10 W), colored 
LED array. 
The system gains information about the orientation of a particular heliostat by moving that heliostat in order to 
reflect one of the light sources from the heliostat’s reflector into one of the cameras, which need not be on the same 
tower. Once the desired light is detected by the camera, the beam intensity is mapped out by a central control unit 
that adjusts the heliostat's orientation many times in rapid succession based on real-time feedback from the camera. 
Such a data collection event typically takes place over a matter of a few minutes during the night. 
The positions of the lights and cameras are known in an absolute coordinate system from a commissioning 
survey, and so by measuring the input motor positions of a heliostat that produce a reflection, a constraint can be 
placed on the parameters of its assumed underlying kinematic model. Each heliostat completes several of these 
events, each time for a different camera-light pair. Each camera-light-pair provides a unique constraint, and together 
a set of such constraints (e.g. 5-10) provides sufficient information to over-constrain all model parameters and 
provide the needed information for accurate tracking. The resultant parameters are saved to a database for each 
heliostat, and may be used at any time in the future to produce needed motor inputs to track on any day in the future. 
Fig. 2 is a schematic rendering of two heliostats within a much larger field calibrating with ALC. 
As with other camera-based systems, the observed reflection from a heliostat appears in just a small region of an 
image, corresponding to the approximate location of the heliostat within the camera’s field of view. Light from 
different heliostats will appear in visibly disjoint regions of an image, given that they are not too close to each other 
in the field, thus enabling software to determine the identity of each bright heliostat from an “active” subset, even if 
multiple are present simultaneously. Fig. 3 and Fig. 4 show images taken by an ALC camera before and after sunset 
at eSolar's Sierra SunTower facility. In the image captured at night, the same lower-power blue LED can be seen 
simultaneously in the reflections of thousands of heliostats. 
 
Fig. 2. Field geometry for artificial light calibration depicting tower-based cameras and lights. 
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Fig. 3. Image taken by an ALC camera at eSolar's Sierra SunTower facility just before sunset. Over 6000 heliostats are visible in this image. 
 
Fig. 4. Another image taken by the same camera at eSolar's Sierra SunTower facility, showing a subset of the heliostat field being commanded to 
reflect the same blue light (itself outside the field of view) into the camera. 
At plant commissioning-time, all installed heliostats are calibrated over a period of several nights. A central 
control unit decides which heliostats should reflect which lights onto which cameras to optimize the overall data 
collection rate. It takes precautions to ensure that no two heliostats are chosen to calibrate on any camera at the same 
time if they are too close to each other in the field-of-view, such that one might be mistaken for the other. It also 
takes care not to “accidentally” move any heliostat such that it would reflect a light onto any camera in use if such a 
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reflection could cause confusion for the light detection software. All cameras operate in parallel as independent 
agents of data collection. The central control unit dynamically allocates heliostats among the cameras as appropriate. 
In practice, parallel image capture of over 100 heliostats is readily achieved by each camera. 
Once the field has completed its initial calibration, the system continues to operate in a maintenance mode. 
During the night it performs brief spot checks on heliostats to determine if any are failing to operate or have become 
mis-calibrated. Independently, if any heliostat is replaced, it is flagged in a database, and the system will 
automatically begin calibration on the new unit. 
4. The benefits and challenges of artificial light sources 
4.1. Benefits 
The major advance in this system over previous concepts is the use of artificial lights as a signal to be measured 
by the cameras, as opposed to the sun itself. The chosen lights are off-the-shelf colored LEDs with a very long 
lifetime (30,000 hours) and low power consumption (< 10W). Using colored lights prevents false-positives from 
stray lights, workers' helmets, passing cars, the moon, or aircraft. The choice of artificial lights has very significant 
advantages over systems which use the sun as a primary light source. 
 
x In ALC, all ongoing calibration activity takes place at night, when the field is not in use for power production. 
Other calibration systems require that some percentage of the available flux be diverted for calibration data 
collection, which can result in as much as 1-2% field availability loss. 
x Cameras do not need to be built to survive high levels of flux or heat from incident sunlight. The LED light 
sources are chosen so that they are bright enough to be detected across all relevant distances with sufficient 
margin, even in the reflection of soiled mirrors, but of course, not so bright that they could ever cause damage to 
a camera. This means that no custom engineering or analysis work is required, and cameras can be sourced from 
many low-cost options. In fact, ALC camera requirements resemble many security camera system requirements, 
and there are several vendors that offer satisfactory products.  Being spared from high levels of incident flux also 
improves the lifetime of the installed cameras. 
x The degree of parallelism in sun-based systems is limited by the camera's ability to dissipate heat and withstand 
higher temperatures. In ALC, the degree of parallelism is bounded only by the software’s ability to uniquely 
identify neighboring heliostats. To aid in this disambiguation, different lights are given different colors (red, 
green, or blue), so that even if two heliostats are very close in a camera's field-of-view, they can proceed without 
interference if they are reflecting two lights of differing colors (Fig. 5).  
x Unlike the sun, the light sources do not move relative to the field as time passes. This enables the system to 
repeat the data collection event for any camera-light-heliostat triplet, e.g. as a spot check or to estimate its own 
precision. This property enhances system robustness against erroneous data, enables much simpler system health 
monitoring, and provides valuable input to estimates of actual heliostat pointing accuracy. 
x Since the light sources are located proximate to the field, clouds and rain do not affect the system's ability to 
operate. 
 
Fig. 5. A heliostat calibrates by reflecting a red light onto the camera. The reflection is unmistakable, even in an image intentionally contaminated 
by light of a different color (green). 
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4.2. Challenges 
There are some challenges specific to artificial light sources that must be overcome to achieve an effective 
implementation. One implicit advantage of sun-based calibration systems is that the light source used for calibration 
is itself the one that must later be tracked to a receiver. Therefore, any systematic error in the assumed position of 
the sun, e.g. due to a global coordinate system error, is automatically “calibrated out” as it is present during both 
calibration and tracking. 
For ALC, one additional step is recommended during commissioning of the system to address this potential error 
source. The same cameras which observe artificial light reflections at night are temporarily adjusted through a 
software interface to receive and process reflections of the sun (Fig. 6), but at a very low rate (e.g. 2-5 heliostats at a 
time per camera). Data collection proceeds as normal under this configuration for less than a day and utilizes <1% of 
the heliostat field. The goal is to gather enough data from sun reflections to validate that the global coordinate 
system defining heliostat, camera, and light positions is aligned with the coordinate system used to estimate the 
position of the sun during tracking. It also validates the synchronization of heliostat and control clocks to absolute 
time. In summary, this step is not required, but available for verification that light sources may be used in place of 
the sun without incurring additional risk or error. 
Another difficulty that arises with artificial light sources is that they must be elevated above the field in order to 
be visible to a significant portion of the field. For cost reasons, it is desirable to minimize the number and height of 
towers used for such purpose. As a result, the typical angles from heliostat to light source are lower than the typical 
angles from heliostat to sun. This increases the magnitude and frequency of heliostats being shaded by their 
neighbors. That is, light approaching the heliostat undergoing calibration may be intercepted by an adjacent 
heliostat, obscuring some of the light that otherwise would have been reflected onto the camera and observed during 
the data collection event. Of course, some of the light may also be blocked on its way from heliostat to camera, but 
that is not unique to an artificial light-based system. If these combined effects are left unaddressed, the data 
collected during calibration may result in systematically biased model-fit parameters. 
 
Fig. 6. An ALC camera with short exposure and low gain settings receives sunlight reflections from two heliostats during the day. 
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Techniques have been developed to mitigate these effects and un-bias the collected data. First, during data 
collection, neighboring heliostats which lie along the light path are moved to a flat position to minimize the 
introduction of data bias. Additionally, their orientations are recorded and saved along-side the calibration data, and 
then used in a post-processing phase to simulate the bias (if any) that was actually introduced. This bias is then 
“subtracted” from the measured data, effectively adjusting the inputs to the estimation of model parameters. 
5. Heliostat failure detection 
The failure of a single heliostat unit is costly both because it must be replaced, and because it no longer delivers 
flux when out of service. The impact of flux non-delivery can be seen as a decrement to the average field 
availability: 
MTBFMTTR
MTTRA

 1
 Here, ܣ is the average heliostat availability, MTTR is the mean time to repair a failed unit, and MTBF is the 
mean time between failures. Techniques for increasing the MTBF are beyond the scope of this paper. The MTTR 
can be thought of as the sum of the mean time to detect a broken unit, the mean time to repair or replace the unit 
following its detection, and the mean time to recalibrate the unit after it has been serviced.  
Therefore, it is desirable to detect any broken unit as quickly as possible. Onboard electrical diagnostics are a 
valuable asset in the detection of complete unit failure, but a more challenging situation arises when a heliostat has 
not completely failed, but has been disturbed in some way such that it is no longer able to point sufficiently 
accurately and deliver flux as expected. Common examples of this are heliostats with partially or completely broken 
mirrors, and heliostats which have been disturbed by either personnel, equipment in the field, or environmental 
forces, though some mechanical failures will have this effect as well (e.g. a loose bearing or bolt). Regular checks of 
the whole field via reflection of sunlight onto a target screen are ineffective both because of the sheer number of 
heliostats and because of the desire to keep units in a power-producing mode. Monitoring availability by overall 
output on a field or subfield level is also ineffective because many other effects conflate this data, and even if a 
problem is detected, the particular misbehaving units must still be identified through a subsequent investigation. 
The various properties of ALC that enable much higher data collection rates also give rise to a new solution to 
this problem. Because the light sources and cameras are fixed, the set of motor positions that produce a reflection of 
a certain light into a certain camera is solely a property of the heliostat. If the heliostat has not been disturbed in 
some way, this set of motor positions is also fixed upon installation. The ALC system exploits this property to 
perform rapid spot-checks for any heliostat as needed. In a maximal embodiment, the system can perform a spot 
check for every heliostat every night, but the frequency of such checks is, of course, tunable based on the plant's 
operational plan.  
Each spot check consists of a Boolean evaluation of whether a specified light is detected when the heliostat is 
actuated to each of two points in motor-position-space. One is expected to be dark; the other is expected to be bright. 
The test passes if the dark point is found to be dark, and the bright point is found to be bright. The two points are 
chosen during commissioning time so that they straddle the edge of a bright region in motor-control-space, and are 
separated by a small distance (e.g. 1 mrad from either side of the edge). The closer these points are to each other, the 
more sensitive the test becomes to changes in heliostat pointing. Because blocking and shading could produce false-
negatives, the edge is chosen so that it corresponds to some point along the as-installed top edge of the reflector. 
That is, when the heliostat moves to the “bright” motor position, we expect a reflection to be made from a point on 
the reflector surface near the top edge. Fig. 7 gives a qualitative representation of this situation. In practice, the pass-
fail logic is actually somewhat more sophisticated to improve overall robustness, but without compromising speed. 
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Fig. 7. (left) A region in motor-control-space (blue) which will produce a reflection of a light into a camera; red and black points are evaluated 
during a spot-check of heliostat calibration accuracy; (right) the same region showing the impact of blocking and shading by neighbouring 
heliostats; the “bright” chosen point (red) reflects from a portion of the mirror that is guaranteed to be unaffected by blocking and shading. 
The constraints for parallelism that apply during initial calibration also apply to these measurements, but the 
overall time to complete them is much less than initial calibration because a) typically only a few points are 
evaluated; and b) only one check is performed per heliostat. In contrast, initial calibration consists of several events 
per heliostat.  
The system reports failures to maintenance personnel, who could be on stand-by to troubleshoot units as rapidly 
as plant economics dictate. After a failed unit is serviced, it must be recalibrated before it may return to operation. 
The number of serviced heliostats needing recalibration on any given night will typically be a very small fraction of 
the total population, and likely less than the number which can be simultaneously calibrated with ALC. As a result, 
recalibration for the serviced units is much faster than the initial calibration of the entire field. In most cases, 
heliostats can be repaired, recalibrated, and returned to operation within a single night. 
6. Future concepts 
The heliostat failure detection application is a simple example of the uses of ALC-generated data beyond the 
scope of initial calibration. Other potential applications exist, and future work will explore their feasibility. For 
example, it is possible to estimate heliostat cleanliness from the measured brightness of ALC reflections if 
conditions are well-controlled. This information may be used to optimize the heliostat cleaning schedule and 
evaluate cleaning system effectiveness. Additionally, the wealth of data collected during calibration and the high 
bandwidth for collecting new data increases overall system robustness and adds unprecedented visibility to plant 
operators and engineers alike. 
7. Conclusions 
eSolar has developed a new heliostat calibration system by extending its previous distributed-camera system with 
the use of artificial lights. The new approach solves many problems with existing technologies and introduces a 
family of techniques that aim to improve system speed, robustness, and accuracy. ALC maximizes heliostat field 
availability by eliminating the need to calibrate during the day, and by complementing efforts to reduce MTTR for 
broken units. It enables low overall system cost because of the simplicity of its components (off-the shelf cameras 
and lights, techniques that enable short towers), and the lack of any per-heliostat hardware. High parallelism in the 
system enables rapid calibration and system responsiveness, even for large fields comprised of many thousands of 
heliostats. ALC is an integral part of eSolar's cost-effective solar collector solution. 
 
 
 M. Zavodny et al. /  Energy Procedia  69 ( 2015 )  1488 – 1497 1497
References 
[1] Zavoico A. Solar Power Tower Design Basis Document, Revision 0. Albuquerque: Nexant; 2001. Report No.: SAND2001-2100. 
[2] Schwarzbach J, Kroyzer G, inventors; Heliostat calibration. United States patent 20100139644 A1. 2010 Jun 10. 
[3] Reznik D, Azarchs A, Csaszar A, Hartshorn M, inventors; Calibration and tracking control of heliostats in a central tower receiver solar 
power plant. United States patent 8192027 B2. 2012 Jun 5. 
[4] Zavodny M, Reznik D, Forte M, inventors; Camera-based heliostat calibration with artificial light sources. United States patent 7994459 B2. 
2011 Aug 9. 
 
